Abstract: Laboratory animals generally experience numerous unfamiliar environmental and psychological influences such as noises, temperatures, handling, shaking, and smells during the process of air transportation. To investigate whether stress induced by air transportation affects stress-related factors in animals, the levels of hormone and chaperone protein were measured in several tissues of F344 rats transported for 13 h and not transported. Herein, we conclude that the levels of corticosterone, HSP70, and GRP78 were significantly increased in the transported group compare to not transported group, but they were rapidly restored to the not transported group level after a recovery period of one week. However, the magnitude of induction and restoration levels of these factors varied depending on the tissue type. Thus, these results suggest that air transportation should be considered for the improvement of laboratory animal health and to reduce the incidence of laboratory animal stress.
Introduction
The stress involved in animal transportation may have a negative influence on animal safety [22] . A number of stress factors affect the animals during transportation including temperature, noise, vibration, hunger, thirst, the duration of the trip, and other psychological and physical stimuli. For example, aircrews exposed to warm weather are subjected to heat stress in the absence of adequate cockpit air-conditioning or a personal cooling system [5, 6, 17] . Such heat stress can lead to an increase in body temperature, dehydration, and an impairment of aircrew performance [18] .
Stress proteins are a ubiquitous family of gene prod-ucts that are expressed at high levels due to stress. The main stress proteins are the heat shock protein (HSP) and the glucose-regulated protein (GRP). Furthermore, these proteins belong to the chaperone family, which may be part of a general protein-folding mechanism.
Chaperones are located in every cellular compartment and bind to a wide range of proteins. Also, these proteins consist of several kinds of protein family including the HSP70 family proteins, the tetrachloropalladate (TCiP) protein and the GRP family proteins [15] . Especially, HSP70 family proteins are stress proteins that play a critical role in signaling exposure to a condition that results in the alteration of intracellular proteins [4, 7, 19 ]. An increase in GRP78 is known to occur in response to stressful conditions that disrupt the function of the endoplasmic reticulum (ER) [3, 14] . In addition, it was demonstrated that animals in flight showed a higher concentration of corticosterone (cortisol or adrenal steroid hormone) than controls [10] , which was significantly lower in the transported animals 1 day after transport [21] . Thus, stress proteins (HSP70, GRP78) and corticosterone are useful biomarkers of many environmental stresses. Moreover, an increase in corticosterone secreted from the adrenal cortex binding with adrenocorticotropic hormone (ACTH) was demonstrated after exposure to stress [25] . Laboratory animals are exposed to stress during air or ground transportation between nations; however, the modulation of stress proteins and corticosterone during exposure to air transporation stress in laboratory animals has yet to be characterized. The aim of this study was to assess the expressions of stress proteins and corticosterone prior to stress, after the stress exposure, and after a recovery period. Air transportation of laboratory rats resulted in an increase in the levels of stress proteins and corticosterone which were restored to the non-stressed levels after a period of recovery.
Materials and Methods

Animals and housing
The transported F344 rats were purchased from Charles River Laboratories in New York at the age of 4-5 weeks. Also, the F344 rats which were not transported had been purchased from Charles River Laboratories a year earlier and established as a breeding strain at our facility. in our facility, these rats are the most commonly used strains for toxicological and biosafety testing of various chemical and toxicants. All rats were kept in an accredited Korea FDA animal facility in accordance with the AAALAC international Animal Care policies (Accredited UnitKorea Food and Drug Administration: Unit Number-000996). The rats were given a standard irradiated chow diet (Purina mills inc.) ad libitum, and were maintained in a specified pathogen-free state under a strict light cycle (light on at 06:00 and off at 18:00). Also, the technical portion of physiological control of laboratory animals was supported by Pusan National UniversityLaboratory Animal Resources Center (PNU-LARC).
Experimental design
We randomly divided F344 rats into 3 groups, with 10 rats in each group. Rats in Group 1 (not transported group) were the 4-5-week-old animals that had been established as a breeding strain for 1 year at the breeding facility of the Laboratory Animal Resources Team of the Korean FDA after import from Charles River Laboratories. Rats in other two groups (transported and recovered group) were the 4-5-week-old animals shipped from Charles River Laboratories in New York to our facility by air. They spent 15 h in a shipping carton, which was covered with filter materials to reduce airborne contamination during shipment. For Group 2 rats (transported group), on arrival, we immediately euthanized 10 of the transported animals by carbon dioxide asphyxiation and collected blood and tissue samples. in Group 3 rats (recovered group), the remaining rats of the airtransported animals were housed for one week in an animal facility to give them time to recover from stress induced by air transportation (Fig. 1 ). All serum and tissues collected from the animals were stored in Eppendorf tubes at -70°C until assayed.
Western blot analyses
The tissues (brain, heart, lung, liver, kidney, and muscle) were solubilized with 1% Nonidet P-40 in 150 mm NaCl, 10 mm Tris hCl (ph 7.5), and 1 mm EDTA, supplemented with a protein inhibitor mixture (Roche). They were then centrifuged at 10,000 × g for 10 min at 4°C. The homogenated proteins were separated on 10% sodium dodecyl sulfate polyacrylamide gels for 3 h and transferred to nitrocellulose membranes for 2 h at 40 V. The membranes were then incubated with the primary antibodies [anti-hSP70 (Sigma, mi), anti-GRP78 (Chemicon, CA), and anti-α-tubulin (Sigma, mi)], which were used to detect hSP70, GRP78, and anti-α-tubulin. Each antigen-antibody complex was then visualized with a biotinylated secondary antibody (goat anti-rabbit)-conjugated hRP streptavidin (Zymed, histostain-Plus Kit) diluted to 1:1,500 in PBS.
Corticosterone assay
Following ether extraction, serum corticosterone was measured by the RIA (radioimmunoassay) method described by Kwon et al. [12] . In order to purify the corticosterone from the serum, the serum was reacted with 3 times the volume of the collected serum of diethyl ether for 3 h at room temperature. The corticosterone extracted from this mixture was then dried under a vacuum condition and dissolved in PBS buffer containing gelatin (GPBS, pH=7.2). This method showed 95 ± 2% efficiency of corticosterone extraction from animal serum. In addition, this assay procedure involved the use of tritium-labeled corticosterone [1,2,6,7-3 H-corticosterone, 100 Ci/mmole] and antibody to corticosterone, which was raised against corticosterone 6-(O-carboxymethyl) oxime-BSA in rabbits. Final reactivity was detected with a liquid scintillation analyzer (TR 2900, PerkinElmer, USA), and the corticosterone concentration was calculated by the Riasmart program (PerkinElmer, USA).
Statistical analysis
We analyzed the concentrations of corticosterone, and expressions of stress-related proteins using a one-way analysis of variance (ANOVA; SPSS for Windows, Release 10.01. Standard Version, Chicago, iL), and made comparisons among the transported group, the not transported group and the recovered group. All values are reported as the mean ± standard deviation. P<0.05 was considered signifi cant.
Results
Effects of air transportation stress on the concentration levels of corticosterone
The change of glucocorticoid concentrations is a classic marker of physiological stress in vertebrates [13, 26] . in order to investigate whether the serum corticosterone level increased with air transportation stress and whether the increased level could be restored to the normal level by recovery, the concentration of corticosterone in the serum was assayed in the three groups of rat. A signifi cant increase in corticosterone was found in the serum of F344 rats after air transportation in comparison to the non-transported group, and the magnitude of its induction was higher in the males than in the females (Fig. 2) . Furthermore, a week long recovery period resulted in a significant decrease to normal concentration in the serum corticosterone concentration (Fig. 2) . These results suggest that the stress of air transportation induce the increase of corticosterone concentration in the F344 rats.
Induction of HSP70 by air transportation
Rats in each of the three groups were sacrificed in order to detect the expression of hSP70 in various tissues using western blot analysis. The expression of hSP70 protein was basically higher in the lung, liver, and muscle than in the brain, heart, and kidney. Also, the intensity of the hSP70 protein expression was significantly increased in the transported group in most tissues compared to the not transported group, although the rate of increase was different in each tissue. in the western blot analysis, the highest rate of increase was observed in the brain and heart, followed by the kidney, liver, lung, and muscle (Fig.  3) . Furthermore, after recovery of one week, the expression levels were generally restored to the expression levels of not transported rats, however, expression levels in the heart, kidney, and muscle were not completely restored. Therefore, these results suggest that stress induce by air transportation increased the expression levels of hSP70, which were restored to the levels of not transported rats after a recovery time of one week.
Induction of GRP78 during air transportation
To determine whether air transportation stress could change GRP78 expression, the expression level of GRP78 protein was investigated in several tissues using western blot analysis. The expression levels of GRP78 protein in all groups were very low in all the tissues tested. The highest GRP78 expression was observed in the heart, followed by the liver, brain, lung, kidney, and muscle. After air transportation, the expression level of this protein significantly increased in the brain, heart, lung, and kidney. Furthermore, the GRP78 expression level increased by air transportation was restored to the level of the not transported group after a recovery time of one week. however, the magnitude of protein induction and the restoration level also varied depending on the tissue type, as seen in hSP70 expression. These results suggest that stress induced by air transportation also changes the expression of GRP78 protein.
Discussion
Laboratory rats were used to investigate the hypothesis that air transportation stress might induce the expres- Corticosterone determination before (not transported group) and after (transported group) transporting the rats to the animal room at Korea FDA, and after resting the rats in the same room with the transported group for 1 week (recovered group). Quantification of the corticosterone levels in males and females are shown. The values are mean ± SD. *P<0.05 is the significance level compared to the not transported group. Fig. 3 . Effect of air transportation stress on HSP70 and GRP78. Proteins were prepared from each group. Western blot analysis was performed using anti-HSP70 and anti-GRP78 antibodies. Fourty milligrams of protein per sample were immunoblotted with the antibodies. Three experiments were assayed in triplicate using western blotting. The value of the not transported group was defi ned as 1, and those of the other groups are given relative to this value. The values are mean ± SD. *P<0.05 is the signifi cance level compared to the not transported group. **P<0.05 is the signifi cance level compared to the transported group.
sion of stress proteins (hSP70, GRP78) and increase the concentration of corticosterone. This approach revealed important information that may have an impact on laboratory animal safety and on reducing the incidence of laboratory animal stress during air transportation. We found that hSP70 expression was induced in rats exposed to the stress of air transportation. A single common mechanism, a reaction to air transportation stress, may be a cellular response to stress that involves the rapid synthesis of a set of hSPs. Since cells play a role in the regulation of protein homeostasis, folding, assembly, and transport in unstressed cells [16, 19] , induction of hSP70 may function to stabilize the proteins against abnormal homeostasis, folding, assembly, and transport of proteins. This protein stabilization, due to hSP70, may take place under air transportation stress, because hSP70 expression in the transported group appeared to have increased after air transportation stress. Thus, it is obvious that air transportation stress induces hSP70 expression, based on the present results.
Air transportation stress was found to induce a marked overexpression of GRP78, which subsequently declined after rest. The retention of misfolded or underglycosylated proteins may account for the GRP78 induction observed after air transportation of the laboratory rats. Notably, GRP78 is associated with the misfolding or underglycosylation proteins, which is a post-translational process that leads to their retention in the ER and therefore prevents their transit through the secretory pathway [3, 24] . Also, the analyses of expression levels of protein in each tissue, suggest that the three tissues (brain, heart, and kidney), which showed significant increases of hSP70 and GRP78 protein levels, are the most sensitive tissues of all rat tissues responding to stress induced by air transportation. in other tissues including the lung, liver, and muscle, air transportation did not induce significant changes of the expression level of these two proteins. Therefore, these data show the stress effect induced by air transportation was associated with specific tissues having stress-related physiological functions in the rat. many studies have reported that stress induced by transportation significantly increased the corticosterone concentration in various species of animals including mice, dogs, pigs, and cattle [1, 11, 20, 23] . however, some researches have reported that the blood corticosterone concentration was significantly lowered in transport animals 1 day after transportation [21] . Therefore, we investigated how the stress induced by air transportation affected the corticosterone concentration. This study showed that air transportation stress induced an increase in serum corticosterone levels, and that these levels were higher in males than in females. Our results confirm that the stress induced by transportation increased the corticosterone concentration, which is in accordance with most results of previous studies.
Environmental stress involves the hypothalamic-pituitary-adrenal (hPA) axis. moreover, corticosterone secreted from the adrenal cortex binding to ACTh increases after exposure to stress [25] . Based on our results, it is possible that air transportation stress stimulates the hPA axis to increase the serum corticosterone concentration. Why should air transportation stress have a differential effect on the corticosterone concentration between males and females? An interesting paper was published on the subject of corticosterone determination in rats. The work of Coddington et al. [2] concerns the influence of corticosterone administration on sexual behaviors. They showed that male sexual behaviors were suppressed by corticosterone administration. Also, Karandrea et al. [8, 9] showed data that supports the hypothesis of a distinct male and female neuroendocrine axis in response to stress. in their study involving restraint stress, the female hypothalamus was more prone than that of the male to changing corticosteroid receptor expression in response to restraint stress. Furthermore, in the case of swimming stress, the stressor-specific alterations in glucocorticoid receptor or mineralocorticoid receptor mRNA levels were more pronounced in males. Therefore, our results suggest that the stress induced by air transportation had a greater effect on physiological change in males than in females. Although it does not directly correlate with our results, we suggest that there is a differential effect of air transportation on the hPA axis that serves to regulate the differential expression of corticosterone between males and females.
in conclusion, this paper provides the first experimental evidence that air transportation stress administered to laboratory rats induces the expression of stress proteins (hSP70 and GRP78) and corticosterone, which were restored to not transported group levels after a period of rest. These results suggest that the stress induced by air transportation should be a factor considered in various experimental procedures for biological mechanisms and physiological effect studies.
